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ABSTRACT
We present a Very Long Baseline Interferometry image of the water maser emission in the nuclear region of
NGC 3393. The maser emission has a linear distribution oriented at a position angle of   34
 ,p e r p e n d i c u l a rt o
boththekiloparsec-scaleradiojetandtheaxisof thenarrow-lineregion.Theposition-velocitydiagramdisplaysa
red-blue asymmetry about the systemic velocity and the estimated dynamical center, and is thus consistent with
rotation. Assuming Keplerian rotation in an edge-on disk, we obtain an enclosed mass of (3:1   0:2) ;107 M 
within 0:36   0:02pc (1:48   0:06mas), which corresponds to a mean mass density of  108.2 M  pc 3.W ea l s o
report the measurement with the Green Bank Telescope of a velocity drift, a manifestation of centripetal accel-
eration within the disk, of 5   1k ms 1 yr 1 in the  3880 km s 1 maser feature, which is most likely located along
thelineof sighttothedynamicalcenterof thesystem.Fromtheaccelerationof thisfeature,weestimateadiskra-
dius of 0:17   0:02pc, which is smaller than the inner disk radius (0:36   0:02pc) of emission that occurs along
the midline (i.e., the line of nodes). The emission along the line of sight to the dynamical center evidently occurs
muchclosertothecenterthantheemissionfromthediskmidline,contrarytothesituationinthearchetypalmaser
systemsNGC4258andNGC1068.Theouterradiusof thediskastracedbythemasersalongthemidlineisabout
1.5 pc.
Subject headingg s: galaxies:active — galaxies:individual(NGC3393) — galaxies:Seyfert — ISM:molecules —
ISM: jets and outﬂows — masers
1. INTRODUCTION
NGC 3393 is a face-on early spiral (Sa) galaxy classiﬁed op-
tically as a Seyfert 2 (Ve ´ron-Cetty & Ve ´ron 2003). It displays
a prominent ring and interacts weakly with a companion 60 kpc
away (Schmitt et al. 2001a). There is compelling evidence that
the galaxy contains an active galactic nucleus (AGN). Its X-ray
spectrum exhibits a 6.4 keV Fe K  line—an unambiguous in-
dicator of nuclear activity (Maiolino et al.1998; Guainazzi et al.
2005; Levenson et al. 2006). Levenson et al. (2006) estimate
the AGN’s 2Y10 keVintrinsic luminosity to be 109.3 L  based
on modeling of the Fe line in the Chandra X-Ray Observatory
data. A Compton-thick, cold reﬂection model applied to the
BeppoSax X-ray data yields an observed 2Y10 keV ﬂux of
3:9 ;10 13 ergs cm 2 s 1 absorbed by a column density of
>1025 cm 2 (Maiolino et al. 1998). If we assume, following
Comastri (2004), that the observed 2Y10 keV ﬂux is 1%Y10%
of the unabsorbed 2Y10 keV ﬂux due to reﬂection and scatter-
ing, then the intrinsic 2Y10 keV luminosity is 108.5Y109.5 L ,
whichisconsistentwiththeluminositydeterminedfromtheFe
K  line. Based on XMM-Newton and BeppoSax data, Guainazzi
et al. (2005) report an absorbing column density of 4:4 2:5
 1:1
  
;
1024 cm 2,aspectralorphotonofindex2:8 1:2
 0:7,andanobserved
ﬂux of 9 6
 4
  
; 10 14 ergs cm 2 s 1,w h i c hc o r r e s p o n d st oa n
intrinsic 2Y10 keV luminosity of 1010:2 2:0
 1:1 L  (as computed by
thePortableInteractiveMulti-MissionSimulator
1).Inthecon-
text of the AGN uniﬁed model, such a high column density is
indicative of an almost edge-on obscuring structure along the
line of sight to the nucleus (Lawrence & Elvis 1982; Antonucci
1993). Furthermore, images of the inner-kiloparsec region re-
veal outﬂows from the nucleus, consistent with the presence of
anAGN.Thenarrow-lineregion(NLR)astracedby[Oiii]emis-
sionhasanS-shapedmorphologywithanopeningangleof  90
 
and extends  400 pc on either side of the nucleus along posi-
tion angle (P.A.) of  55
  (Schmitt & Kinney 1996; Cooke et al.
2000). Very Large Array (VLA) and Australia Telescope Com-
pact Array (ATCA) observations reveal a double-sided jet with a
total extent of  700 pc along P:A:   56
  (Schmitt et al. 2001b)
or P:A:   45
  (Morgantietal.1999).Theexistenceof anAGN
inthenucleusof NGC3393isthuswellestablishedbasedonthe
available data.
NGC 3393 does not show evidence of signiﬁcant nuclear
star formation. The IRAS ﬂuxes measured on an  30 kpc scale
(assuming IRAS beam of  20;M o s h i re ta l .1 9 9 0 )a r ec o n s i s -
tent with a total infrared luminosity of 1010 L ,ad u s tm a s so f
 5 ;105 M ,a n dt w or e l a t i v e l yc o o ld u s tc o m p o n e n t sa t3 0
and 130 K (Diaz et al. 1988). Under the assumption that star
formation alone is responsible for the infrared ﬂux, the IRAS
luminosity yields a star formation rate of  4 M  yr 1 on kilo-
parsec scales (Veilleux et al. 1994), which is not consistent
with a high level of star-forming activity. Detailed stellar pop-
ulationsynthesisworkbyCidFernandesetal.(2004)conﬁrms
that the blue optical spectrum of the central  200 pc is dom-
inated by an old stellar population (>2:5 ;109 yr) with a small
contribution(14%)tothefeaturelesscontinuumfromanAGN.
Hence, starburst activity probably does not play a signiﬁcant
role in the nucleus of NGC 3393.
The NGC 3393 nucleus is also a source of water maser
emission, which is currently the only resolvable tracer of warm
dense molecular gas in the inner parsec of any AGN beyond
 1M p c .T h em a s e rs p e c t r u mo fN G C3 3 9 3s h o w sac h a r a c t e r -
istic spectral signature of rotation in an edge-on disk: two com-
plexes( 70mJy)symmetricallyoffsetby 600kms 1fromthe
systemic velocity (henceforth, high-velocity emission) and a sin-
gle spectral complex ( 28 mJy) within 130 km s 1 of the sys-
temic velocity (henceforth, low-velocity emission; Kondratko
1 See http://heasarc.gsfc.nasa.gov/Tools/w3pimms.html.
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of seven water maser sources that show similar spectral signa-
tureshavebeeninterpretedinacontextof amodelinwhichthe
maser emission traces a nearly edge-on disk of molecular ma-
terial 0.1Y1p cf r o mas u p e r m a s s i v eb l a c kh o l e :N G C4 2 5 8
(Miyoshietal.1995;Herrnsteinetal.2005;Humphreysetal.
2008), NGC 1386 (Braatz et al. 1997), NGC 4945 (Greenhill
etal.1997),NGC1068(Greenhill&Gwinn1997),NGC3079
(Trotter et al. 1998; Yamauchi et al. 2004; Kondratko et al.
2005), IC 2560 (Ishihara et al. 2001), and Circinus (Greenhill
et al. 2003). The maser spectrum of NGC 3393 thus provides
indirect evidence for an edge-on parsec-scale molecular disk
orbiting a supermassive black hole.
VLBI maps of nuclear water maser emission have been used
to accurately estimate black hole masses and parsec-scale ac-
cretion disk geometries. In three water maser systems mapped
with the VLBI—NGC 4258 (Miyoshi et al. 1995), NGC 1068
(Greenhill & Gwinn 1997), and the Circinus Galaxy (Greenhill
et al. 2003)—position and line-of-sight velocity data provided
evidence for differential rotation and enabled accurate estima-
tion of black hole mass and parsec-scale molecular disk struc-
ture. In another system, NGC 3079, the rotation curve traced by
the maser emission appears ﬂat and was interpreted in the con-
text of a parsec-scale, thick, edge-on, self-gravitating, and pos-
sibly star-forming molecular disk (Kondratko et al. 2005). In
addition to mapping parsec-scalem o l e c u l a rd i s ks t r u c t u r ea n d
accurately determining the mass of supermassive black holes,
nuclear water maser emission has also been used as a distance
indicator. Distance determination is possible for systems where
ad e t a i l e dk n o w l e d g eo ft h es t r u c t u r eo ft h ed i s kf r o mV L B Ii s
combined with a measurement of either maser proper motions
or drifts in line-of-sight velocity of spectral features (i.e., cen-
tripetal acceleration). The distance to NGC 4258 obtained in
this manner is the most accurate extragalactic distance thus far,
is independent of standard candlec a l i b r a t o r ss u c ha sC e p h e i d s
(Herrnstein et al. 1999), and has contributed to the analysis of
the Cepheid period-luminosity relation (Freedman et al. 2001;
Newman et al. 2001; Macri et al. 2006).
In this work we present a VLBI map of the parsec-scale ac-
cretion disk as traced by water maser emission and estimate the
mass of the black hole in NGC 3393. Data calibration and re-
duction techniques are discussedin x 2. Spectral-line images of
the inner-parsec region are presented in x 3. In x 4w ei n t e r p r e t
the observed kinematics of the maser distribution in terms of a
nearlyedge-onparsec-scale molecularaccretiondiskthatorbits
acentralmass.InthisworkweadoptsystemicvelocityforNGC
3393 based on 21 cm line measurements of 3750   5k ms  1
(Theureauetal.1998),whichyieldsadistanceof50Mpcfora
Hubble constant of 75 km s 1 Mpc 1. With this adopted dis-
tance, 1 mas corresponds to 0.24 pc.
2. OBSERVATIONS AND CALIBRATION
NGC 3393 was observed in spectral-line mode with the Very
Long Baseline Array (VLBA) of the NRAO,
2augmented by the
phased VLA and the Green Bank Telescope (GBT), for approx-
imately 5 hr on 2004 April 26/27. The source was observed with
8 ; 16 MHz intermediate-frequency (IF) bands that covered an
uninterrupted velocity range of 3048Y4430 km s 1. Limits on
the VLBA correlator data rate necessitated two processing passes
through the correlator (with 256 channels per IF) and resulted in
two separate data sets that do not overlap in velocity: one in left-
circular polarization covering the velocity range from 3048 to
3737 km s 1,t h eo t h e ri nr i g h t - c i r c u l a rp o l a r i z a t i o ne x t e n d i n g
from 3737 to 4430 km s 1.T h ed a t aw e r er e d u c e du s i n gt h e
Astronomical Image Processing System. The amplitude cali-
bration included corrections for atmospheric opacity. Antenna
gain curves and measurements of system temperature were used
to calibrate the amplitude data for each of the VLBA stations.
Amplitude calibration for the VLA was based on the measure-
ments with the VLA of ﬂux densities for VLBI calibrators with
respectto3C286,forwhichweadopteda22GHzﬂuxdensityof
2.56 Jy. To minimize systematic errors due to atmospheric
opacity effects, we used in this calibration only VLA scans of
VLBIcalibratorswithelevationsclosetotheelevationof 3C286
(elev   28
 ,2 9
 ,5 4
 ,4 3
 ,a n d6 4
  for 3C 286, 1055 248,
4C 39.25, 0727 115, and 0748+126, respectively).
The data in each polarization were corrected for the effect of
the parallactic angle of the source on fringe phase. The zenith
path delay over each antenna was estimated via observations of
10 strong (>0.5 Jy) calibrators with submas positions for  1h r
before and  1h ra f t e rt h em a i ni m a g i n ge x p e r i m e n t .T h er e -
sidual multiband delays after applying this calibration were
<0.2 ns, which corresponds to a phase error of less than 1
  for
a1 6M H zI Fb a n d( s e eT a b l e1 ) .T i m ev a r i a t i o ni nd e l a y sa n d
fringeratesduetothetroposphereandclockuncertaintiesaswell
as electronic phase difference among bands were removed via
 4minuteobservationsofstrong(3Y7Jy)calibrators(0727 115,
0748+126, 4C 39.25) made approximately every hour. We es-
timatethat thiscalibration isaccurate towithin 0.2ns and1mHz
for delays and rates, respectively; we note that a residual rate of
1mHzresultsinaphaseerrorof0.5
  (ifnotcorrected)overa1hr
time span, the approximate time separation between the cali-
brator scans (Table 1). The complex bandpass shapes of each
antenna were corrected using the data on 0727 115, 0748+126,
and4C39.25.Phaseandamplitude ﬂuctuationsduetothetropo-
sphere and clock uncertainties were removed via observations
every  100 s of 1055 248, located 2.4
  away from NGC 3393,
self-calibrating the data on 1055 248, and applying the result-
ingphaseandamplitudesolutionstothetargetsource.Asaresult
of this process, the position of the maser on the sky was deter-
minedrelativeto1055 248.BasedonVLAdataobtainedattwo
epochsinBandBnAconﬁguration,weestimatethe22GHzﬂux
of 1055 248 to be 0:38   0:03 Jy. This measurement as well as
the photometric data from the NASA extragalactic database
(NED)andfromNRAOVLASkySurvey(0.33Jyat1.4GHz;
Condon et al. 1998) suggests that 1055 248 is a ﬂat spectrum
source and is therefore expected to be unresolved on mas scales.
In fact, using the source model obtained from self-calibration,
weestimatethat90%of 1055 248ﬂuxoriginatesfromapoint
source.Thecalibratorappearsnearlypointlikealsoinanarrow
bandwidth (250 kHz   3:4k ms  1), which conﬁrms the quality
of bandpasscalibration.Basedontheconsiderationof thetropo-
spheric structure function as predicted by the Kolmogorov tur-
bulence theory (Carilli & Holdaway 1999), we estimate that the
interferometer phase toward 1055-248 reproduces that toward
NGC 3393 to within  rms < 40
  (assuming a water vapor scale
height of  2k m ,ar e p r e s e n t a t i v ea n t e n n ae l e v a t i o na n g l eo f
 25
 ,andatroposphericpatternspeedof<15ms 1;T able1),
which corresponds to a loss of signal on the target source of at
most 1   exp   2
rms/2  0:22. The uncertainty in phase due
to calibrator-target angular separation is the most signiﬁcant
source of error in this experiment and depends sensitively on the
assumed pattern speed, which is not well constrained for this ex-
periment (Table 1).
2 TheNationalRadioAstronomyObservatoryisoperatedbyAssociatedUni-
versities,Inc.,under cooperativeagreement with the NationalScienceFoundation.
KONDRATKO, GREENHILL, & MORAN 88Fig. 1.—Top: Weighted average of ﬁve total-power spectra of the maser in NGC 3393 obtained with the GBTon 2005 October 17, 2006 January 22, 2006 March 23,
2006 April 28, and 2006 May 23 with an effective resolution of 108 kHz ( 1.5 km s 1)a n d1    0:6m J y .Bottom:C o m p a r i s o no fV L B Ii m a g e dp o w e ra n dt o t a lp o w e r
spectrum.Thetotal-powerspectrumwasobtainedwiththeGBTon2005January15,withaneffectiveresolutionof108kHz( 1.5kms 1).Angle-integratedﬂuxdensity
( ﬁlledcircles)and1 measurementuncertainty(shadedboxes)areshownforeach3.4kms  1spectralchannelwithdetectableemission.Althoughseparatedby 9months,
the single-dish and VLBI ﬂux measurements agree in general to  1  , the exception being the apparent absence of 3880 km s 1 emission (marked by the arrow, and for
which we report a velocity drift of 5   1k ms  1 yr 1) at the time of the VLBI observations.
TABLE 1
Sources of Phase Error in the VLBI Experiment
Name Equation
a   
b
Uncertainty in group delay estimate ............................................. (2   ) 
           
3/2 2 p
TS/TA      1/
              
  3tcal
p
   0.Y1
Residual delay error due to calibrator position error.................... (2   )0 :4 ; 10 9 B/5000 km      c/5 mas       0.07Y0.2
Residuals in atmospheric delay..................................................... (2   )  atm <0.6
Uncertainty in fringe rate estimate................................................ (2   )  !/!o    t <0.5
Residual fringe rate from imperfect astrometry............................ (2   )0 :13 ; 10 3 B/5000 km      c/1 mas       t/!o    0.3Y1
Errors in baseline length................................................................ (2   )  B/c    0.2
Errors due to imperfect calibrator astrometry............................... (2   ) B  p/c
  
0.2
Phase calibrator-target angular separation..................................... K/kmm    b 
km;w h e r e    5/6 for bkm < 1:2; bkm   h/sine         vatcyc/2
     
<40
a Adopted from Herrnstein (1997), except for the last entry, which is based on Carilli & Holdaway (1999).      8M H zi st h ev i d e ob a n d w i d t h( i . e . ,t h eb a n d w i d t h
acrosswhichvariouscalibrationsareappliedandoverwhichtheresultingerrorsarepropagated),TS   1000Jyisarepresentativesystemequivalentﬂuxdensityof VLBA
antennas, TA   3   7 Jy is the ﬂux density of delay/rate calibrators (i.e., 0727 115, 0748+126, 4C 39.25), tcal   3:5m i n u t e si st h ed e l a y / r a t ec a l i b r a t o rs c a nd u r a t i o n ,
  c   0:3Y1 mas is the uncertainty in the delay/rate calibrator position (Ma et al. 1998), B   5000 km is an approximate baseline length,   atm < 0:2 ns is the residual
multiband delay after correcting for the zenith path delay over each antenna,  !<1m H zi st h er e s i d u a lr a t ea f t e rc o r r e c t i n gf o rt i m ev a r i a t i o ni nd e l a y sa n df r i n g er a t e s
due to the troposphere and clock uncertainties, t   1:5 hr is an approximate time separation between the delay/rate calibrator scans, !o   22 GHz is the observing fre-
quency,  B   2 cm is a representative uncertainty in baseline length, c is the speed of light,   p   0:86 mas is the uncertainty in the phase calibrator (1055 248) position
(Beasleyetal. 2002),bkm is an effective baseline length in km,K   3:49Y10:47isaconstantthatdependsonweatherconditions(valuesassumedhere arefortheVLAsite),
va < 15 m s 1 is the tropospheric pattern speed, h   2 km is the water vapor scale height, e   25
  is a representative antenna elevation,      2:4
  is the angular separation
between the phase calibrator and the target source, tcyc   100 s is the time between successive phase calibrator observations, and kmm   13 is the observing wavelength in
millimeters.
b Phase error. On a 5000 km baseline, a phase error of 1 rad corresponds to a position error of  0.08 mas.After calibrating and imaging the spectral-line data set, the
positions and the integrated ﬂuxes of the maser features were
obtained by ﬁtting two-dimensional elliptical Gaussians to the
distribution of the maser emission on the sky in each spectral
channel. The resulting uncertainties in maser spot positions,
basedonformalerroranalysis,areconsistentwiththetheoretical
expectations based onsignal-to-noiseratio(S/N)andbeam size.
The synthesized beam dimensions were 3:5 ; 1m a sa tP :A:  
 1
  andtheresultingnoiselevelwas 5mJyinthe 3.4kms 1
spectralchannels,aspectralbreadthcomparabletothelinewidths
of the maser features. To estimate the fraction of the power im-
aged by the interferometer and to monitor the maser with the in-
tentof measuringvelocitydrifts,weacquiredsingle-dishspectra
of NGC 3393 with the GBTusing the conﬁguration and calibra-
tion described in L. J. Greenhill et al. (2008, in preparation). All
velocities have been computed ina c c o r d a n c ew ith the optical
deﬁnitionof Dopplershiftandareintheheliocentricreference
frame.
3. RESULTS
The spectrum of imaged power agrees to within 2   with the
total power spectrum obtained with the GBT about 9 months
after the VLBI observation (Fig. 1 and Table 2). The difference
between the two spectra may be due to source variability, since
single-dish monitoring of water maser sources has revealed sub-
stantial ﬂux variability on timescales of months to years (this
work for NGC 3393 and Baan & Haschick (1996) for other
sources). The maser emission is distributed on the sky in a linear
arrangement at P:A:    34
  (Fig. 2and Table2), perpendicu-
lar to both the kiloparsec-scale radio jet (P:A:   45
  [Morganti
etal.1999]; 56
  [Schmittetal.2001b])andtheaxisof theNLR
(P:A:   55
 ;S c h m i t t&K i n n e y1 9 9 6 ;C o o k ee ta l .2 0 0 0 ) .T h e
maser emission on the sky is clearly systematically distributed
according tovelocity: emission red- andblueshifted with respect
to the systemic velocity are located in the northwestern and
southeastern parts of the image, respectively. Although the two
VLBA correlator passes did not overlap in velocity, we can nev-
ertheless place a limit on their registration by aligning the com-
mon low-velocity maser spots in the two data sets. If we assume
that the mapped low-velocity features arise at the same location
on the sky, then the two correlator passes are registered to within
0:3   0:1a n d0 :9   0:3m a si nr i g h ta s c e n s i o na n dd e c l i n a t i o n ,
respectively.Thesystematicoffsetbetweentheresultsof thetwo
correlator passes was also estimated by applying the calibration
of one data set to the other. The transfer of phase and amplitude
solutionsfromself-calibrationon1055 248fromonecorrelator
pass to the other resulted in an offset of 1055 248 from map
center of 0:30   0:02mas and 0:52   0:06mas in right ascen-
sion and declination, respectively, which is consistent with the
offsets based on the location of the low-velocity maser features.
Theseoffsetsprovideanestimateof thesystematicuncertaintyin
theregistrationof thetwovelocitysectionsof themaps.Notethat
if we were to apply these offsets, the high-velocity masers would
better ﬁt a straight line distribution, and the low-velocity features
would be more tightly clustered (see Fig. 2). However, this shift
has an insigniﬁcant effect on the disk parameters derived in the
next section. Radio maps of the inner kiloparsec are suggestive
of a jetperpendicular tothe distributionof maser emissiononthe
sky. However, weﬁnd noevidenceinour dataata 4     2:4m J y
level for the 22 GHz continuum on  50 pc scale.
The low-velocity spectral features are expected to drift in ve-
locitysince theyare presumablymovingacross the line of sight
where the centripetal acceleration vector is along the line of
sight, and therefore at a maximum. To determine these velocity
drifts, we monitored NGC 3393 with the GBT and report the
measurement of the centripetal acceleration in the low-velocity
complex at  3880 km s 1 (Fig. 3 and Table 3). Using the code
described in Humphreys et al. (2008), we decomposed the spec-
tra for the six epochs into three Gaussian components and used
an iterative least-squares technique to solve simultaneously for ve-
locitydrifts,amplitudes,peakcentroids,andwidthsof allGaussian
components at all epochs. We obtain a reduced  2 of 1.2 and
velocitydriftsof 5:3   0:7,5:3   0:2,and4:4   0:2kms  1yr 1
for components at 3871:0   0:9, 3874:9   0:2, and 3879  
0:2k ms 1,r e s p e c t i v e l y ,w h e r et h er e f e r e n c ee p o c hf o rc o m -
ponent velocities is 2005 January 15. In addition, spectra ob-
tained since 2004 October 17 reveal a strong (<0.3 Jy) feature
at  4051 km s 1 that was present neither in earlier spectra of
the source nor in the VLBI map (Fig. 3 and Table 3). The ﬁrst
three epochs on this feature showed a negative centripetal ac-
celeration of about  4k ms  1 yr 1,a sw o u l db ee x p e c t e df o r
low-velocity emission that arises from behind the dynamical
center; however, the line stopped drifting in the more recent
spectra. We note that such behavior can be reproduced by a var-
iation in strength of multiple components that do not drift in
velocity (i.e., stationary components). In fact, from a Gaussian
decomposition of the ﬁve available epochs, we infer that the
data on this complex are consistent (reduced  2 of 2.0) with
three time variablebut stationary (<0.7km s 1 yr 1)G a u s s i a n
components at 4051, 4052, and 4053 km s 1.H i g h - v e l o c i t y
emission is not expected to drift in velocity since it is located
along the disk midline where the centripetal acceleration vector
is perpendicular to the line of sight. We thus suggest that the
newlydetectedcomplexat 4051kms 1may bea high-velocity
TABLE 2
Velocities, Positions, and Integrated Fluxes for Mapped Maser Emission
Velocity
a
(km s 1)
R.A.
b
(mas)
Decl.
b
(mas)
Flux
c
(Jy)
3154.3Y3157.7..................  0.3   0.2  0.9   0.4 0.04   0.01
3157.7Y3161.1..................  0.5   0.3  0.4   0.7 0.04   0.02
3161.1Y3164.6..................  0.3   0.2  0.4   0.4 0.04   0.01
3199.0Y3202.5..................  0.3   0.2  0.5   0.5 0.04   0.01
3202.5Y3205.9..................  0.1   0.2  1.7   0.4 0.014   0.008
3205.9Y3209.4.................. 0.0   0.2  2   10 . 0 3   0.01
3223.2Y3226.6.................. 0.1   0.1  1.5   0.3 0.015   0.006
3727.1Y3730.5..................  0.8   0.2 1.0   0.6 0.012   0.009
3730.5Y3734.0..................  1.1   0.3 0.3   0.6 0.02   0.01
3771.6Y3775.0..................  1.3   0.2  0.2   0.3 0.02   0.02
4255.1Y4258.6..................  2.5   0.2 2.3   0.7 0.04   0.01
4258.6Y4262.0..................  2.1   0.2 1.3   0.5 0.03   0.01
4267.3Y4270.7..................  2.5   0.1 1.9   0.6 0.02   0.01
4270.8Y4274.2..................  2.5   0.2 1.5   0.3 0.02   0.01
4305.5Y4308.9..................  2.3   0.2 1.2   0.5 0.02   0.01
4308.9Y4312.4..................  2.0   0.2 1.0   0.6 0.03   0.02
4312.4Y4315.9..................  2.0   0.1 1.2   0.4 0.06   0.02
4315.9Y4319.3..................  2.13   0.09 1.6   0.2 0.05   0.01
4319.4Y4322.8..................  2.20   0.07 1.6   0.2 0.06   0.01
4322.8Y4326.3..................  1.9   0.1 1.8   0.4 0.03   0.01
a Range of mapped optical heliocentric velocities.
b Right ascension and declination relative to     10h48m23:4660s and    
 25
 09043:47800 (J2000.0), which lies  1m a sf r o mt h ee s t i m a t e dd y n a m i c a l
center (x 4). The a priori position for the maser was     10h48m23:45s and    
 25
 09043:600 (J2000.0) with uncertainty of   0.300 fromKondratko et al.(2006).
c Integrated ﬂux from a ﬁt of a two-dimensional elliptical Gaussian model to
the distribution of the maser emission on the sky in each spectral channel.
KONDRATKO, GREENHILL, & MORAN 90 Vol. 678emission component. We note that low-velocity emission that
arises from behind the dynamical center has not been detected
todatefromanyknownnuclearwatermasersources.Thisnon-
detection can be explained if free-free absorption by an inter-
veningionizedgasisconsiderable(e.g.,Herrnsteinetal.1996)
or the presence of a background nuclear continuum source is
necessary to generate, via ampliﬁcation, low-velocity emission
luminous enough for us to detect (e.g., Herrnstein et al. 1997).
4. DISCUSSION
We interpret the linear distribution of the maser emission,
perpendiculartotheradiojetandtotheaxisof theNLR,aswell
asthesegregationof theblue-andtheredshiftedemissiononthe
sky in the context of a parsec-scale molecular disk. We assume
that the disk is nearly edge-on and, based on the measured
positive centripetal acceleration, we infer that the low-velocity
emission lies in front of and along the line of sight to the dy-
namicalcenter.Thedistributionof maseremissionontheskyis
consistent with a relatively straight (i.e., nonwarped) disk. We
note that a fourth-degree polynomial ﬁt to the maser distri-
butionyieldsamarginal(i.e., 10%)improvementin 2overa
straight line ﬁt. Thus, the evidence for a warp is at most ten-
tative with our S/N.
We use the mean position of the low-velocity maser features
toestimatetheabsolutepositionof thedynamicalcenter(Fig.2):
R.A.BH and decl.BH.T h ea b s o l u t ep o s i t i o n( J 2 0 0 0 . 0 )o ft h ed y -
namical center is
 0   10h48m23:4659s   0:0001s;
 0    25
 09043:47700   0:00100:
The errors are dominated by the uncertainty in the position of
1055 248 of about 1 mas (Beasley et al. 2002).
The impact parameter of each maser feature was calcu-
lated as  (     0)
2   (     0)
2 
1/2.T h er e s u l t i n gp o s i t i o n - v e -
locity diagram displays a red-blue antisymmetry about the
adopted vsys and estimated dynamical center and is thus con-
sistent with rotation (Fig. 4). From a ﬁt of the Keplerian rota-
tion to the high-velocity features ( 2
R   0:6), we obtain a mass
of (3:1   0:2) ; 107 M  enclosedwithin0:36   0:01 pc(1:48 
0:06 mas; to estimate the minimum impact parameter from high-
velocity data, we used the probability distribution function for
am i n i m u mo fr a n d o mv a r i a b l e sf o l l o w i n gt h eR i c ed i s t r i b u -
tion). The ﬁt to the blue- or the redshifted emission alone yields
(3:0   0:3) ;107 or (3:2   0:2) ;107 M ,r e s p e c t i v e l y .I fo n e
correlator pass is shifted 0.9 mas so that its single low-velocity
maser feature overlaps the two low-velocity features in the other
data set, then the mass becomes (3:5   0:2) ;107 M  enclosed
within 0:41   0:02 pc (1:71   0:07 mas), which reﬂects the
Fig. 2.—Distribution of maser emission in the nuclear region of NGC 3393. Position uncertainties are 1  , and the colors of the maser spots indicate heliocentric op-
tical line-of-sight velocity in accordance with the bar on the right. The dotted line in the color bar shows the adopted systemic velocity of 3750 km s 1.T h ea d o p t e d
locationforthedynamical center(blackcircle) is the weighted mean for the low-velocity maser features. A line ﬁtted to the distribution of maser emission on the sky
(P:A:    34
 )isclosetoorthogonaltothekiloparsec-scaleradiojet(P:A:   45
 ,blackarrows[Morgantietal.1999]; 56
  [Schmittetal.2001b])andtotheaxisof
theNLR(dashedcone;P:A:   55
  withanopeningangleof  90
  [Schmitt&Kinney1996;Cookeetal.2000]).Thecoordinatesarerelativeto    10h48m23:4660s
and      25
 09043:47800 (J2000.0). At a distance of 50 Mpc, 0.24 pc subtends 1 mas.
PARSEC-SCALE ACCRETION DISK IN NGC 3393 91 No. 1, 2008sensitivity of our results to systematic errors. We note that,
in addition to the Keplerian rotation, the data are also con-
sistent (in the sense that  2
R P1) with v / r  for  1      
 0:1. In particular, we obtain a minimum of  2
R   0:4a t   
 0:2, which suggests that the disk might have signiﬁcant mass
with respect to that of the black hole. The central mass would
be 2:6 ;107 M  enclosed within 0.36 pc (if we assume spher-
ical symmetry). The mass of the disk traced by the high-velocity
maser emission (0.36Y1p c )i s1 :9 ;107 M ,w h i c hc a nb ec o m -
pared to disk masses (computed on similar scales) of  7 ; 106 M 
and  9 ;106 M  for NGC 3079 (Kondratko et al. 2005) and
NGC 1068 (Lodato & Bertin 2003), respectively. A ﬂat rota-
tion curve model, which gives 1:1 ; 107 M  enclosed within
0.16 pc, is excluded by the data ( 2
R   20), unless velocity
dispersion on the order of 30 km s 1 is included. Such a large
velocity dispersion would most likely be indicative of macro-
scopic random motions among the molecular clumps respon-
sible for the maser emission rather than turbulence within the
clumps.
The mean mass density corresponding to 3:1 ;107 M  en-
closed within 0.36 pc is  108.2 M  pc 3.T h er e l a t i v e l yh i g h
mean mass density for NGC 3393 is suggestive of a massive
central black hole, which is consistent with the X-ray observa-
tions of the nucleus. The estimated enclosed mass of (3:1  
0:2) ;107 M  is in agreement with the empirical relation be-
tween bulge velocity dispersion and black hole mass (Gebhardt
et al. 2000a, 2000b; Ferrarese & Merritt 2000; Ferrarese et al.
2001). If we adopt MBH   1:2 ; 108 M   /(200 km s 1) 
3:75
(Gebhardt et al. 2000a, 2000b), then the velocity dispersion of
thebulge, 184   18 kms 1from thecentral  35 kpc(Terlevich
et al. 1990) or 157   20 km s 1 from the central  200 pc (Cid
Fernandes et al. 2004), predicts black hole masses of (9   4) ;
107 or (5   2) ;107 M ,r e s p e c t i v e l y ,r o u g h l yaf a c t o ro f2
higher than our measurement.
The most reliable estimate of the AGN’s 2Y10 keV intrinsic
luminosity is 109.3 L  determined from Fe K  line luminosity
(Levenson et al. 2006). Based on an average quasar spectral
energydistribution(Fabian&Iwasawa1999;Elvisetal.2002),
the 2Y10 keV luminosity is 1%Y3% of the AGN bolometric
luminosityandweobtainabolometricluminosityforNGC3393
of 1010.8Y1011.3 L . We note that this estimate for the AGN bo-
lometric luminosity is consistent with the total IRAS luminosity
of the source of  1010 L  (measured on  30 kpc scale; Moshir
et al. 1990). The Eddington luminosity of a 3 ;107 M  object is
1012 L . Assuming that all of the enclosed mass is concentrated
in a supermassive black hole, the bolometric luminosity of the
central engine yields an Eddington ratio of 0.06Y0.2, which is
consistent with the 0.01Y1 range obtained for Seyfert 1 galaxies,
representative supermassive black hole systems (e.g., Padovani
1989;Wandeletal.1999),butlargerthanforadvection-dominated
accretion ﬂow systems (e.g., 10 3:6 1;H e r r n s t e i ne ta l .1 9 9 8 ;
Yuan et al. 2002). Assuming a standard accretion efﬁciency of
 0.1 (Frank et al. 2002; see also Marconi et al. 2004), we es-
timate a mass accretion rate of ˙ M   0:04Y0:1 M  yr 1.
For a central mass of (3:1   0:2) ;107 M  and the measured
centripetal acceleration of a   5   1k ms  1 yr 1,w ee s t i m a t e
Fig. 3.—Maser spectra of features at  3880 and  4051 km s 1 obtained with the Green Bank Telescope and the results of Gaussian component decomposition. The
featurenear4051kms 1wasnotdetectedon2005January15,emissionintheimmediatevicinityofthesystemicvelocity, 3750kms 1,wastooweaktoallowGaussian
component decomposition and is not shown.
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Fitted Line Profiles for Spectral Features Near 3880 and 4051 km s 1
 2
R
a
Velocity
b
(km s 1)
Drift
c
(km s 1 yr 1)
Amplitude
d
(mJy)
FWHM
e
(km s 1)D a t e
1.2..................................... 3871.0   0.9 5.3   0.7 ... ... 2005 Jan 15
5   24   12 0 0 5 O c t 1 7
10   2 2.6   0.6 2006 Jan 22
9   2 4.1   0.9 2006 Mar 23
10   1 5.2   0.8 2006 Apr 28
9   2 3.7   0.9 2006 May 23
3874.9   0.2 5.3   0.2 6   2 3.6   0.7 2005 Jan 15
41   2 3.4   0.3 2005 Oct 17
43   2 3.3   0.2 2006 Jan 22
32   2 3.2   0.3 2006 Mar 23
29   2 2.4   0.2 2006 Apr 28
15   2 4.2   0.6 2006 May 23
3878.9   0.2 4.4   0.2 14.5   0.9 5.2   0.5 2005 Jan 15
25   5 1.1   0.3 2005 Oct 17
14   2 1.6   0.3 2006 Jan 22
4   2 2.5   0.9 2006 Mar 23
3   13   12 0 0 6 A p r 2 8
... ... 2006 May 23
2.0..................................... 4050.91   0.01 0.003   0.009 ... ... 2005 Oct 17
... ... 2006 Jan 22
119   50 . 9 9   0.04 2006 Mar 23
300   50 . 8 0   0.01 2006 Apr 28
254   80 . 8 0   0.02 2006 May 23
4051.9   0.1  0.05   0.09 ... ... 2005 Oct 17
13   3 1.4   0.4 2006 Jan 22
11   4 1.4   0.5 2006 Mar 23
33   6 0.7   0.2 2006 Apr 28
23   4 1.2   0.4 2006 May 23
4053.06   0.07  0.7   0.6 32   5 0.9   0.2 2005 Oct 17
7   3 1.4   0.8 2006 Jan 22
... ... 2006 Mar 23
6   2 1.4   0.7 2006 Apr 28
... ... 2006 May 23
a Reduced  2 for a least-squares solution that determines velocity drifts, amplitudes, peak centroids, and widths of all Gaussian
components at all epochs simultaneously.
b Velocity of a Gaussian component at the reference epoch (2005 January 15 and 2005 October 17 for  3880and 4051kms 1
features, respectively).
c Velocity drift of a Gaussian component.
d Amplitudes of a Gaussian component at the listed epochs.
e FWHM of Gaussian components at the listed epochs.disk radius of the systemic maser feature at  3880 km s 1 of
rsys   GMBH/a   
1/2  0:17   0:02 pc, which is signiﬁcantly
smaller than the inner disk radius of the high-velocity emission
(0:36   0:02pc).Evidently,thesystemicemissioninNGC3393
arisesmuchclosertothedynamicalcenterthanthehigh-velocity
emission, which is in contrast to the situation in NGC 4258
(Herrnsteinetal.2005)andNGC1068(Greenhilletal.1997),
where disk radii of low-velocity features is about equal to the
inner radius of the high-velocity masers. It has been suggested
that the systemic emission in NGC 4258 resides in a bowl that
is a consequence of an inclination-warped disk (Herrnstein etal.
2005). Such a warp in the accretion disk structure might also
determinethepreferredradiallocationof thelow-velocityfeatures
in NGC 3393. The resulting orbital velocity of the  3880 km s 1
maser feature is 890   60 km s 1 (which might be as high as
920   60 km s 1 due to systematic errors). We note that the
130 km s 1 offset of this feature from the adopted systemic
velocity might be due its location within the disk at a nonzero
azimuthal angle   from the line of sight to the central engine.
Usingthisvelocityoffset,weestimate    8
  andtheresulting
corrections to the derived radius and orbital velocity are much
smallerthan thecorresponding uncertainties.The newlydetected
feature at  4051 km s 1 that we postulate to be high-velocity
emission was not detected in the VLBI experiment but would
appear at a large disk radius which from the computed enclosed
mass and Keplerian formula, r   GMBH/v2, is  6m a so r1 . 5p c
(see Fig. 4). Hence, we estimate that the accretion disk extends
from 0.17 to 1.5 pc.
5. CONCLUSION
We have mapped for the ﬁrst time the maser emission in the
nuclear region of NGC 3393. We interpret the linear distribu-
tion of the maser emission and the segregation of the blue- and
the redshifted emission on the sky in the context of a parsec-
scalenearlyedge-onmoleculardiskthatorbitsacentralmassof
(3:1   0:2) ;107 M  enclosed within 0:36   0:02 pc (1:48  
0:06 mas). We also report the measurement of centripetal ac-
celeration, a   5   1k ms  1 yr 1,i nt h el o w - v e l o c i t ym a s e r
feature at  3880 km s 1,w h i c hy i e l d sd i s kr a d i u so f0 :17  
0:02 pc for the derived central mass. The low-velocity emission
in NGC 3393 occurs much closer to the dynamical center than
the high-velocity emission, in contrast to the situation in NGC
4258 and NGC 1068, two archetypal maser systems. An inde-
pendentestimateforthediskradius of thelow-velocityfeatures
would be provided by the measurement of their proper mo-
tions.ForadistanceD,acentralmass3:1(D/50 Mpc) ; 107 M ,
and a radius 0.17(D/50 Mpc)1/2 pc, we expect motions of
 4(D/50Mpc) 3/4 asyr 1,whichwouldbechallengingtomea-
sure because of the typical lifetimes of the maser’s features and
their weakness. Alternatively, a measurement of the position-
velocity gradient in the low-velocity maser features would pro-
vide an independent estimate for their radial location within the
disk (rsys   0:17 D/50 Mpc   /0:27 Mpc yr 1 rad
 1 
 2/3 pc,
where D is the distance and     v/  is the velocity gradient).
ThelimitedS/NinourVLBIdataprecludedmeasurementof the
gradient(asevidentfrom Fig.4).Itisunclearwhat improvement
in S/N would be necessary to yield a useful measurement, as
there is a dearth of low-velocity features even in the sensitive
single-dish spectra of the source. Nonetheless, the maser is time
variable, and new spectral features may emerge with time. An
independent estimate for the disk radius of the low-velocity
featureseither from proper motionsor position-velocity gradient
could be used to determine a distance to NGC 3393, a result of
considerable value since the galaxy is within the Hubble ﬂow
(vsys   3750 km s 1)a n dt h u sm i g h tb eu s e dt oe s t a b l i s ha
Hubble relation independent of standard candle calibrators such
as Cepheids (e.g., Greenhill 2004). Over and above eventual
modelingerrorsfor VLBIdata,thepeculiarmotionof NGC3393
(or the barycenter of the parent Hydra cluster) would probably
limit the accuracy of inference for the Hubble constant from
NGC3393aloneto 10%.Withinthis,uncertaintyovertheﬂow
ﬁeld in the vicinity of the Great Attractor would probably dom-
inate (Masters et al. 2006).
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PropulsionLaboratory(JPL),CaliforniaInstituteof Technology,
undercontractwithNASA.ThisworkwassupportedbyGBTstu-
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